Herein, we report a new Prussian blue nanoparticle (PBNPs) incorporated polyvinyl alcohol (PVA) composite nanofiber (c-PBNPs/PVA) for a rapid adsorption of cesium (Cs) from the radioactive 10 wastewater. Initially, various electrospinning parameters such as solvent, PVA wt%, PBNPs wt% and glutaraldehyde (GA) wt% were extensively optimized to obtain a better physicochemical property of the c-PBNPs/PVA. In order to improve the water insoluble nature of the PVA, a post cross-linking was carried out for the c-PBNPs/PVA using glutaraldehyde (GA) and HCl vapor as cross-linker and catalyst, respectively. SEM images revealed smooth and continuous morphology of the c-PBNPs/PVA composite 15 nanofibers with diameters of 200-300 nm and lengths up to several millimeters. TEM images confirmed homogeneous dispersion and well incorporation of PBNPs into PVA matrix. The amorphous nature of the c-PBNPs/PVA was confirmed by the XRD analysis. FT-IR spectra showed successful cross-linking of PVA with GA. It was found that the prepared composite nanofiber is highly hydrophilic and waterinsoluble. The c-PBNPs/PVA showed an excellent and faster Cs adsorption rate of 96 % after only 100 20 min. These results are well comparable to those previous reported. After the Cs adsorption test, the cPBNPs/PVA composite nanofiber can be easily separated from the wastewater.
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Highly hydrophilic water-insoluble nanofiber composite as an efficient and easily-handleable adsorbent for a rapid adsorption of cesium from radioactive wastewater Hyunsik 
Introduction
A catastrophic earthquake and tsunami occurred on March 11, 2011, which caused a huge destruction in northeastern Japan. 25 Undesirably, the Fukushima Daiichi Nuclear Power Plant (FDNPP) was also severely damaged. 1 As a consequence, there have been continued spills of radioactive isotopes such as 90 3 ) is also known as Prussian blue (PB), often used as an efficient adsorbent for the removal of radioactive Cs from the wastewater. 5, 6 Very recently, the Japanese National Institute of Advanced Industrial Science and Technology (AIST) 40 has developed PB nanoparticles (PBNPs) with the particle size of 10-20 nm. 7 Interestingly, due to the high specific surface area, the PBNPs has showed an excellent adsorption efficiency of Cs (about 100%). 8 However, since the size of the PBNPs is too small, the recovery of the PBNPs (after the adsorption of Cs) is very 45 complicated which causes more problems to the living organisms and the environment. 9 Reda et al., 10 has prepared magnetic hexacyanoferrate(II) polymeric nanocomposite for the separation of Cs from radioactive wastewater. However, during the process, these materials often suffer from the slower Cs adsorption rate 50 and leaching of PBNPs from the polymeric supports into wastewater. Very recently, carbon materials have been played a tremendous role as support for various MNPs including PBNPs.
11, 12 Hongjun et al., 13 has prepared magnetic Prussian blue/graphene oxide nanocomposites for removal of radioactive 55 Cs from wastewater. In spite of the higher activity, these composite materials are highly expensive and toxic. More importantly, recovery of these nanocmposites is complicated and expensive.
14 Therefore, developing an efficient, stable and easily handlable PBNPs-based material for the removal of Cs remains 60 an highly demading issue.
Recently, polymer nanofibers prepared via electrospinning technique have played tremendous role as a support in a wide range of applications. 15 Particularly, the metal NPs-based composite nanofibers have been attracting more attention in chemical resistive. Dian and co-workers 19 have prepared AgNPs embedded electrospun PVA nanofibers composite (AgNPs/PVA) for the SERS study applications. They found that the AgNPs/PVA composite is highly responsible and the composite can be easy handled and disposed. Based on the previous reports, 5 we presumed that the PBNPs based on PVA nanocomposite can exhibit higher activity and overcome the drawbacks such as slower Cs adsorption rate, less stabllity and the defficulties of handling. Herein, we report a new PBNPs-based PVA composite nanofiber (c-PBNPs/PVA) for the adsorption of Cs from 10 radioactive wastewater. The resultant nanocomposite (cPBNPs/PVA) was completely characterized by various micro and spectroscopic methods. Inductive coupled plasma-mass spectroscopy (ICP-MS) was used to measure the Cs adsorption activity of the c-PBNPs/PVA in wastewater. 15 
Experimental Materials
PVA [degree of hydrolysis = 88%, degree of polymerization (DP) = 1700] was provided by Kuraray Co. Ltd., Japan. Aqueous 20 solution containing 8 wt% of PBNPs (particle size: 10-20 nm) was provided by Kanto Chemical Co., Inc, Japan. Glutaraldehyde solution (GA, 50% in water) was purchased from Sigma-Aldrich. 37% HCl, 99.9% CsNO 3 and 2% HNO 3 were purchased from Wako pure chemicals, Japan. All chemicals were used as-25 received without further purification.
Preparation of c-PBNPs/PVA composite nanofiber

Preparation of PVA/PBNPs/GA solution
In order to prepare a good PBNPs-based PVA composite 30 nanofiber, dispersibility of the PBNPs into the PVA solution is most important. First, a 1.2 g of PVA (12 wt%) was dissolved in 10 mL of distilled water and the solution mixture was stirred at 80°C for 3 h. After cooling to 27°C, a 24 wt% of PBNPs (based on the wt% of PVA solution) was mixed into the resultant PVA 35 solution (12 wt%) and stirred at 27°C for 24 h. Finally, a 12.5 wt% of GA (based on the wt% of PVA) was mixed into the above resultant mixture (PVA/PBNPs solution) to obtain a homogeneous PVA/PBNPs/GA solution. The resultant PVA/PBNPs/GA solution was used as an electrospinning solution 40 for the preparation of nanofiber composite.
Electrospinning
A high-voltage power supply (Har-100*12, Matsusada Co., Tokyo, Japan), capable of generating voltages up to 100 kV, was 45 used as the source of the electric field. The above obtained PVA/PBNPs/GA solutions were poured in a 5 mL plastic syringe attached to a capillary tip of about 0.6 mm in inner diameter. The Cu wire connected to an anode was inserted into the polymer solution, and a cathode was attached to a grounded rotating 50 metallic collector wrapped with cellulose nonwoven. The tip to collector distance (TCD) was 12 cm and the applied voltage was 10 kV. All the processes were carried out at 27°C.
Cross-linking process
Since the PVA is highly soluble in water, a post cross-linking was 55 carried out for the resultant nanofiber composites (PBNPs/PVA/GA nanofiber) to improve the water resistance property of the PVA. In the typical experiment, all the obtained electrospun nanofibers were exposed to HCl vapor for 30 s. In order to produce HCl vapor, Conc. HCl was heated at 30°C. 27°C. Subsequently, the test solution was shacked for appropriate times (10, 30 and 100 min) at 600 r.p.m using multi shaker (MS-300, AS ONE Corporation., Japan). Then the c-PBNPs/PVA composite nanofiber sheets were removed and the solution was analyzed by ICP-MS. The adsorption rate (A, %) was calculated using the following equation:
(1) 5 where A b and A a are the concentration of Cs before and after test, respectively.
Results and discussion
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Optimization of electrospinning conditions
In our very recent course of investigation, we have optimized the electrospinning conditions for the preparation of PVA nanofibers and also the effect of PVA solution properties on the spinnability of PVA were studied. 20 The same optimized conditions were 15 adopted for the preparation of PVA nanofibers. In addition, to obtain a water-insoluble and highly hydrophilic PBNPs-based PVA composite nanofiber with a very fine morphology, other important parameters such as wt% of PVA, PBNPs and GA, and cross-linking time were extensively optimized. Initially, the wt% 20 of PVA was optimized and found that the morphology of the PVA fiber is highly depended on the concentration of PVA solution. A 12 wt% of PVA was found to be the optimum concentration since it produced continuous and homogeneous fibers without beads. Whereas, when the concentration of PVA 25 was 13 wt% or high, the beads and fibers coexisted in the SEM images (data not shown). Subsequently, the wt% of PBNPs was optimized; as consequences, higher amount of 24 wt% PBNPs (based on PVA wt%) could be successfully incorporated into the PVA fibers (Fig. 1c) . When the amount of PBNPs was 32 wt%, 30 the spinning was discontinuous and the morphology of the fibers were irregular and rough ( Fig. 1d and Fig. 2e ). This is probably due to the aggregation of PBNPs at the higher concentrations ( Figs. 1 and 2 ). 21 However, as expected, the average diameter of the c-PBNPs/PVA composite nanofibers decreased with 35 increasing the concentration of the PBNPs (Fig. 1e) , and this value was found to be 260, 350, 320, 250 and 200 nm for the PBNPs concentrations of 0, 8, 16, 24 and 32 wt%, respectively. It is clear that the electrical conductivity of the PBNPs-PVA solution played a crucial role on the diameter of the PBNPs/PVA 40 nanofibers (see Fig. S1b in supporting information) . 22 For more information about the properties of PBNPs/PVA solutions such as S1 (a-c) in supporting information. Not surprisingly, as-spun pure PVA nanofibers are readily soluble in water at room temperature (27°C). Therefore, to improve the water resistance property of composite nanofibers, we carried out a post crosslinking process for the nanofiber composites using GA and HCl 80 vapor as the cross-linker and catalyst, respectively. 23 Prior to the cross-linking process, the wt% of GA (2.5, 7.5, 12.5 and 17.5 wt%) and cross-linking time (10, 30 and 50 s) were optimized. Interestingly, when the GA content was 12.5 wt% and the crosslinking time was 30 s, the fiber morphology and the average 85 diameter of c-PBNPs/PVA were not changed much (see Fig. S2 in supporting information). Moreover, the FT-IR spectra and the water contact angle test showed that the 12.5 wt% of GA is good enough for the cross-linking of PVA (see Fig. S4 and 
Characterization of c-PBNPs/PVA composite nanofiber
The surface morphology of the c-PBNPs/PVA composite 105 nanofiber was investigated by using SEM analysis. Fig. 3 shows the SEM images, digital photos (inset) and the fiber diameter distribution of pure PVA nanofibers and c-PBNPs/PVA composite nanofibers. It can be seen that the morphology of the both pure PVA nanofibers (Fig. 3a) and c-PBNPs/PVA 110 composite nanofibers (Fig. 3b) were smooth and continuous with diameters of 200-300 nm and lengths up to several millimeters. It is worth to mention that the fibrous shape and diameter of (Fig. 3b) . The average fiber diameter of PVA nanofibers and c-PBNPs/PVA composite nanofibers are 260 ± 20 nm and 250 ± 90 nm, respectively. When compared to the results of pure PVA nanofibers, the fiber diameter slightly decreased (from 260 nm to 250 nm) and the distribution of fiber 30 diameter too quite broaden (from 260 ± 20 nm to 250 ± 90 nm). This is may be due to the higher electrical conductivity of the PBNPs/PVA/GA solution compared to PVA solution. Moreover, the inserted digital photos (Fig. 1a and 1b) show that the PVA nanofibers are white color while c-PBNPs/PVA composite 35 nanofibers are inherent blue color; confirms the successful incorporation PBNPs into the PVA matrix.
The well incorporation and homogeneous dispersion of PBNPs into the PVA matrix were investigated in detail by using TEM analysis. Figure 4 shows the TEM images of pure PVA 40 nanofibers (Fig. 4a) and c-PBNPs/PVA composite nanofibers ( Fig. 4b and 4c) . The results confirmed that the PBNPs are homogeneously distributed into the PVA nanofiber matrix (Fig.  4b) . Most of the PBNPs are embedded within the PVA fiber, and some of the PBNPs remain on the surface of the nanofibers ( found to be ~15 nm. Moreover, the PVA nanofibers exhibited smooth surface morphology (Fig. 4b) , whereas the c-PBNPs/PVA composite nanofibers showed fairly rough surface morphology due to the incorporation of PBNPs. nanofibers, a significant crystalline peak at about 23.5° (2 ) was observed, which is due to the strong intermolecular and intramolecular hydrogen bonding. 25 In case of c-PBNPs/PVA composite nanofibers, the XRD spectrum is a combination of pure PVA and PBNPs spectra. In detail, in the XRD spectrum of 95 c-PBNPs/PVA composite nanofibers, except the diffraction peaks of PVA [23.5° (2 )], all the other peaks corresponding to the PBNPs phase. The decrease in the peak intensity at 23.5° for cPBNPs/PVA composite nanofibers reveals a lower crystallinity of the c-PBNPs/PVA composite when compared to PVA nanofibers.
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In fact, the suppression of PVA nanofibers crystallinity in the cPBNPs/PVA composite fibers is mainly caused by destruction of the orientation order of the PVA chains and even by the formation of amorphous bound layers around the PBNPs. 26 In the present case, the homogeneously dispersed PBNPs act as steric 105 hindrances within the composite fibers, and thus the crystallization is restricted by a decreasing amount of intact crystalline region. As a result, the usual planar zigazag conformation collapses and converts into an amorphous structure on the interfacial region of PBNPs. Thus, the overall crystallinity 110 of PVA is decreasing when the PBNPs are incorporated into the PVA matrix. This result is in good agreement with the TEM results (Fig. 5) .
In order to confirm the cross-linking of PVA with GA, FT-IR spectra were recorded for the PVA/PBNPs/GA (before cross-linking) and c-PBNPs/PVA (after cross-linking) composites nanofibers (Fig. 6 ). As expected, both the FT-IR spectra exhibited characteristic peaks of PVA and PBNPs. In Fig.   25 6a, the characteristic absorption bands of PVA were absorbed at 3278 cm -1 (stretching of -OH group), 2935 cm -1 (ν as of -CH 2 ), 2906 cm -1 (ν s of -CH 2 ), 1417 cm -1 (bending of -OH and wagging of -CH 2 ), 1143 cm -1 (stretching of -C-O-C-from crystalline sequence of PVA), 1088 cm -1 (stretching of CO and bending of 30 OH from amorphous sequence of PVA), 919 cm -1 (bending of -CH 2 ) and 838 cm -1 (rocking of -CH). 27 Similarly, the FT-IR spectrum of the samples exhibited a peak at 2110 cm -1 attributed to the -C≡N stretching in the formed [FeII-CN-FeIII] structure, which indicates the presence of PBNPs. 28 Apart from the 35 characteristic absorption band, there are two significant changes in the FT-IR peaks (-OH and -C-O-C-) obviously confirm the cross-linking of PVA with GA. 29 In the FI-IR spectrum of cPBNPs/PVA composites nanofibers, the intensity of the adsorption peak at 3300 cm -1 (-OH stretching) decreased and 40 simultaneously the adsorption peak at 1150-1085 cm -1 (-C-O-Cstretching) increased when compared with that of the uncrosslinked nanocomposite nanofibers (PVA/PBNPs/GA). These results confirm that the -OH groups in the PVA and the -CHO groups in GA typically reacted to form an acetal groups or ether 45 linkages during the cross-linking process (Fig. 6c) . 30 Several existing PBNPs-based nanocomposites highly suffer from the leaching of PBNPs after the adsorption of Cs from the wastewater and sometimes the nanocomposites are partially soluble in water, which leads to low environmental impact and 50 therefore hinders its direct industrial applications. Hence, the water resistance property and the stability of c-PBNPs/PVA composite nanofibers were investigated in detail. In a typical experiment, 1g of c-PBNPs/PVA composite nanofibers was dipped into a 50mL of Milli Q water and shaked for 100 min 55 using a multi shaker with 600 rpm at 27°C. Finally, the mixture was filtered and the leaching of Fe was analyzed by ICP-MS. Table S1 in Supporting information). 31 This is may be due to the effective cross-linking process of PVA with GA.
Since the hydrophilic nature of the c-PBNPs/PVA composite nanofibers is one of the highly significant properties for the rapid 85 adsorption of the Cs, the wettability of the pure PVA and cPBNPs/PVA-composite nanofibers were investigated by the measurements of water contact angles. In Fig. 8 , the photographs show the water contact angles of Teflon sheet (for reference), pure PVA nanofibers and c-PBNPs/PVA composite nanofibers.
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Although the surface of the c-PBNPs/PVA composite nanofibers are rough, it showed lower water contact angle of 29° than that of pure PVA nanofibers (91°), which obviously indicates that the cross-linked c-PBNPs/PVA composite have high hydrophilic nature. This is due to the presence of unreacted (uncross-liked) -
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OH and -CHO groups in the c-PBNPs/PVA composite nanofibers. 32 In addition, the high hydrophilic nature of the c-PBNPs/PVA composite is may also be due to the amorphous nature of the c-PBNPs/PVA composite when compared to the PVA nanofibers. The result agrees well with the SEM and XRD results ( Fig. 3 and Fig. 4 ).
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Evaluation of Cs adsorption performance
After the extensive characterization, the c-PBNPs/PVA composite nanofiber mat was used for the removal of Cs from the wastewater. ICP-MS analysis was used to study the adsorption activity of the c-PBNPs/PVA. Initially, the Cs adsorption 10 behavior of the pure PVA nanofiber was investigated and it was found to be very low even after the soaking time of 100 min. realized from the very high adsorption rate of 86% after only 10 min. To the best of our knowledge, this is the highest activity (86% after 10 min) reported for the adsorption of Cs from the 60 radioactive wastewater till to date. Moreover, the results are well comparable to those previous reported. In most of the previous studies, the hybrid materials have showed the maximum adsorption rate of about 30-65 % after the soaking time of 10 min. [33] [34] [35] [36] [37] [38] [39] For instance, the magnetic hexacyanoferrate (II) 65 polymeric nanocomposite (RZ) showed the adsorption rate of ~65% after 10 min and the maximum adsorption rate of ~95% only after 150 h, 10 whereas the present c-PBNPs/PVA composite nanofibers showed a very higher Cs adsorption rate of ~96% after only a very less soaking time of 100 min (1.7 h). Similarly, the 70 present c-PBNPs/PVA composite nanofibers confirmed a better adsorption rate of ~96 % (100 min) when compared to the zirconium(IV) iodomolybdate exchanger (ZIM) (Fig. 8) . 40 The results confirm the higher activity of the present c-PBNPs/PVA composite nanofibers towards the adsorption of radioactive Cs 75 from the wastewater. From the value of Cs adsorption rate, it was calculated that 1 g of c-PBNPs/PVA composite is enough to remove ~8 mg of Cs from the wastewater. Although the value is not higher when compared to the previous reports [9, 10, [40] [41] [42] [43] [44] , the proposed composite material has shown a faster Cs adsorption 80 rate in addition to the other advantages such as easy-handling and separation. There are three possible reasons for the higher activity of this newly developed c-PBNPs/PVA composite nanofibers: (1) higher surface area and the three dimensional structure of the cPBNPs/PVA composite nanofibers web, (2) higher hydrophilic 85 nature of the composite and (3) water-insoluble property of the cPBNPs/PVA composite nanofibers. Apart from these most possible reasons, the higher dispersion of PBNPs into the PVA matrix might also be assisted for the higher adsorption rate of Cs from the wastewater.
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Separation of c-PBNPs/PVA after Cs adsorption test
The separation of Cs adsorbents after treatment is very important since the radioactive Cs is highly harmful. 9, 13, 14 At present, the challenging task is the development of easily separable Cs 95 adsorbents. 45 There are several reports describe various separation techniques for the removal Cs adsorbents after treatment. However, since the PBNPs-based nanocomposites are very small in size (10-100 nm), the separation process is more complicated and expensive. For instance, Chakrit et al., 9 reported 100 that the PBNPs-coated magnetic NPs for the removal of Cs from wastewater. However, they used a neodymium magnet (strength of 0.25 T) for the separation of PBNPs-coated MNP nano-sorbent from the wastewater after treatment. Similarly, magnetic PBNPs/graphene oxide nanocomposites (PBNPs/GO) for the 105 removal of radioactive Cs were reported by Hongjun and coworkers. 14 In spite of their higher adsorption activity, the separation of PBNPs/GO is very difficult and expensive. Interestingly, in the present study, the separation of Cs adsorbent (c-PBNPs/PVA composite nanofiber) is very simple and efficient.
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After the Cs adsorption test, the c-PBNPs/PVA composite nanofiber sheets can be easily taken off from the wastewater by well-gloved hands (inset in Fig. 9b ). The simple and effective separation of c-PBNPs/PVA composite nanofiber is also one of the hall marks of this work. Since the handling and separation are very easy, the present c-PBNPs/PVA composite may be good to use for the removal of Cs particularly from the seawater and groundwater. 
